Abstract -This paper presents an algorithmic design methodology and frequency scaling technique for CMOS VCOs. It illustrates the almost ideal scaling of a fundamental 10-GHz, 90-nm CMOS Colpitts VCO with -117 dBc/Hz phase noise and 4 dBm output power to 77 Gllz. The 77-GHz VCO features linear 8.3% tuning range and a phase noise of -100.3 dBc/Hz at 1 NllHz offset. The first complementary cross-coupled VCO operating at 77 GHz is also reported. In addition, a new figure of merit for CMOS VCO based on the one defined in the 2003 ITRS is proposed to adequately account for the VCO output power and efficiency.
INTRODUCTION
SiGe HBT mm-wave VCOs have the advantage of large transistor voltage swings and low phase noise. However, their power dissipation is excessive. At lower frequencies, CMOS VCOs have gained popularity due to their low power dissipation brought about by the significantly lower supply voltages. However, to date, mm-wave CMOS VCOs suffer from inadequate output power levels, reduced tuning range and, until recently [1] , from very poor phase noise. Here, a family of 90-nm CMOS VCOs with record tuning range and phase noise performance at 77 GHz are presented.
A systematic design procedure for Colpitts VCOs implemented in SiGe HBT technology was presented in [2] . Similarly, in section II of this paper, an algorithmic design methodology for CMOS Colpitts and cross-coupled VCOs is described. Performance of each topology at RF and at mmwave frequencies is also discussed. A technique to scale the oscillation frequency fos of these VCOs is covered in section III, while section IV explains the inadequacy of the VCO FoM as defined in the 2003 ITRS [3] and proposes a new FoM that adequately captures the power efficiency of VCOs in practical applications. Finally, measurement results are summarized in section V.
II. CMOS VCO DESIGN METHODOLOGY
A. Colpitts VCO The schematic of the 77-GHz Colpitts VCO is shown in Fig. 1 (5) 3) Bias the transistors at 0.15 mA/rm for minimum phase noise. Determine transistor size from oscillation condition (6).
(GmRP)2 >1
4) Subtract the parasitic capacitances of the transistor from the equivalent capacitance to obtain the varactor size.
In cross-coupled VCOs, as the parasitic capacitances of transistors are directly lumped to the tank capacitance, the tuning range is limited by the transistor size. It is further degraded by the output buffer which is always present in crosscoupled VCOs, either to drive the 50-Q test equipment or to distribute the VCO signal to mixers and frequency dividers in an IC. At mm-wave frequencies, where a relatively large transistor size has to be used to maintain oscillation, tuning range is sacrificed. At lower frequencies, large tuning range can be realized with small transistor and large varactor sizes which also leads to lower power dissipation, and thus to a superior figure of merit. However, for the same reasons, its output power is generally far below the acceptable range of 0 to 5 dBm. By comparison, the Colpitts VCO requires larger transistor size and current to produce the oscillation, and hence dissipates more power. Nevertheless, since the output buffer is built into the topology, its power efficiency and output power are higher. Moreover, its tuning range is mainly determined by the C1:CVAR ratio, which is independent of the oscillation frequency. Most (12) However, (12) does not include the output power generated by the VCO. As a result, it artificially rewards designs with low DC power and mediocre phase noise, rather than promoting low phase noise with high power efficiency. It also leads to the misleading conclusion that the cross-coupled topology is superior to the Colpitts one in CMOS technology [5] Figure 3 . Schematic of 77-GHz cross-coupled VCO. topologies were fabricated at 10, 20, 40, 50 and 77 GHz. In all cases, the MOSFETs were biased at the optimum noise figure current density. The schematic of the 77-GHz CMOS crosscoupled VCO is shown in Fig. 3 . Its measured output power, phase noise and tuning characteristics are shown in Fig. 4 As illustrated in Fig. 5 , the 77-GHz Colpitts VCO can be tuned between 73.8 and 80 GHz, with a measured phase noise as low as -100.3 dBc/Hz at 1 MHz offset (Fig. 6 ). It draws 18 to 25 mA from 1.2 V to 1.5 V supply. It is a scaled replica of a 10-GHz Colpitts VCO (LTANK = 435 pH, C1 CVAR 800 fF, 100 x 1 um transistor size). The measured performance of the latter is shown in Fig. 7 , with -117 dBc/Hz at 1 MVIHz offset when biased from 1.2 V. For the purpose of comparison, a 10-GHz NMOS cross-coupled VCO (M1= M2= 24 x 1 um, LTANK = 435 pX CVAR = 260 fF) was also fabricated, and its performance is shown in Fig. 8 . It can be tuned between 9.3 and 10.9 GHz, with a phase noise of -109.2 dBc/Hz at 1 VHz offset. The die photo of the 77-GHz Colpitts VCO is shown in Fig. 9 . The VCO core occupies 0.22 mm x 0.16 mm.
A comparison between W-band CMOS and SiGe HiBT VCOs using FoMl and FoM2 is shown in Figs. 10 and 11 , respectively. Based on FoM2, it becomes apparent that SiGe HiBT VCOs exhibit superior performance to CMOS VCOs at 77 GHz. Table I 77-GHz Colpitts VCO is almost identical to that of its 10-GHz replica, indicating almost perfect scaling of oscillation frequency and phase noise. For the 10-GHz VCOs described in this work, the Colpitts topology achieves better figures of merit than the cross-coupled topology, despite the fact that its power dissipation is four times larger. Furthermore, its FoM2, output power, and phase noise are comparable to those of the best SiGe HiBT VCOs, indicating that CMOS VCOs are capable of delivering similar performance to the SiGe HBT ones at lower frequencies.
VI. CONCLUSION
An algorithmic design methodology and frequency scaling technique for CMOS VCOs has been presented and validated in measurements. Record phase noise and tuning range have been achieved at 77 GHz using a Colpitts topology, and the first cross-coupled VCO employing p-MOSFETs operating above 50 GHz, has also been demonstrated. Finally, a new figure of merit has been proposed to allow for a realistic comparison between VCO topologies and technologies. While the phase noise of CMOS VCOs at mm-waves is now comparable to that of SiGe HBT ones, they continue to underperform in terms of output power levels. 
